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Horseradish peroxidase (HRP) mediates efficient conversion of many phenolic contaminants and thus has 
potential applications for pollution control. Such potentially important applications suffer however from 
the fact that the enzyme becomes quickly inactivated during phenol oxidation and polymerization. The work 
here provides the first experimental data of heme consumption and iron releases to support the hypothesis 
that HRP is inactivated by heme destruction. Product of heme destruction is identified using liquid 
chromatography with mass spectrometry. The heme macrocycle destruction involving deprivation of the 
heme iron and oxidation of the 4-vinyl group in heme occurs as a result of the reaction. We also 
demonstrated that heme consumption and iron releases resulting from HRP destruction are largely reduced 
in the presence of polyethylene glycol (PEG), providing the first evidence to indicate that heme destruction is 
effectively suppressed by co-dissolved PEG. These findings advance a better understanding of the 
mechanisms of HRP inactivation. 



Horseradish peroxidase (HRP) is a classic heme enzyme having widespread use in pollution control, 
biomedical research, and organic synthesis. HRP catalyzes one-electron oxidation of phenolic and other 
aromatic substrates to form radicals via a Chance-George mechanism^ l Free radicals generated from 
phenolic substrates in aqueous phase react with each other to form oligomers, and soluble coupling products serve 
as enzyme substrates in further oxidative coupling reactions until larger polymers that precipitate from solution 
are formed^ ^ Because polymerized products formed from such coupling reactions can readily settle from water 
and/or become immobilized in soil/sediment systems, enzyme -enhanced oxidative coupling reactions have 
potential applications for water treatment^"^ and soil remediation^"^^. Such potentially important applications 
suffer however from the fact that the enzyme becomes quickly inactivated during phenol oxidation and poly- 
merization. 

Three pathways have been identified for HRP inactivation: 1) reaction with H2O2 (i.e. active enzyme inter- 
mediate compounds react with excess peroxide to form different inactive species) 2) sorption/occlusion by 
polymeric products (i.e. HRP adsorbs on precipitated coupling products and its active sites become occluded) 
and 3) Heme destruction (i.e. strong reagents generated during the enzymatic reaction, such as free radicals, react 
with and inactivate the heme center in HRP)^^'^^. Relative contributions of the three inactivation pathways vary 
with reaction conditions. The first pathway is largely suppressed in the presence of reductive donor substrates 
(e.g. phenols) because they compete with H2O2 for the active enzyme intermediates^^'^^. The second pathway is 
not evident unless large quantities (grams per liter) of precipitated polymeric products are formed^°. The third 
pathway appears to predominate at reaction conditions commonly encountered in environmental applications^\ 
Unfortunately, mechanisms associated with HRP inactivation by heme destruction are not yet fully understood 
on the molecular level, although we have demonstrated that this pathway involves the release of iron atoms from 
HRP^^ 

It has been found that HRP inactivation is significantly mitigated when certain dissolved polymers, such as 
polyethylene glycol (PEG), are present in the reaction solution, which leads to effective enhancement of enzyme 
turnover capacity. PEG has thus been proposed as an additive in HRP -based water treatment operations to 
enhance process efficiency^ In HRP-mediated phenol reaction systems, HRP has been found to be retained 
effectively in aqueous phase when PEG is present, but to co -precipitate with the polymeric products in the absence 
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of PEG^^. This observation reveals that enzyme sorption/occlusion 
by polymeric products (the second inactivation pathway mentioned 
above) is mitigated by PEG. Whether PEG impacts other HRP inac- 
tivation pathways, particularly the heme destruction pathway 
remains unknown. 

In the study reported here we performed a series of carefully 
designed experiments to demonstrate that iron releases resulting 
from HRP inactivation during HRP-mediated phenol reactions are 
largely reduced in the presence of PEG. This observation provides the 
first evidence to indicate that HRP inactivation via heme destruction 
is effectively suppressed by co-dissolved PEG. We extracted and 
analyzed the heme center from aqueous HRP using liquid chromato- 
graphy with mass spectrometry (LC-MS) to study the mechanism of 
HRP inactivation by heme destruction. These findings provide 
information for optimizing engineering applications that involve 
HRP reactions, and advance an understanding of the mechanisms 
of HRP inactivation. The information is also useful for studies con- 
cerning the inactivation behaviors of other heme-containing 
enzymes. 

Results 

Phenol conversion and precipitated product formation. Results 
for phenol conversion and precipitated product formation are 
displayed in Figure 1. As shown in the figure, nearly complete 
conversion of phenol was achieved at all reaction conditions tested, 
and considerable amount of products was precipitated. Obviously, 
more precipitate was formed as more phenol/H202 concentration 
was employed. Slightly more phenol remained and somewhat less 
precipitate was formed in the reaction systems without PEG than 
those with 2% PEG. This apparently results from the mitigation 
effects of PEG on HRP inactivation as shown in Figure 2. 

H2O2 consumption. As described in Methods, residual H2O2 after 
reactions were tested using peroxide test strips. The tests showed 
negative for all reaction conditions tested. HRP catalyzes the one- 
electron oxidation of phenolic substrates to form radicals via a 
Chance-George mechanism. The phenoxyl radicals generated react 
with each other to form oligomers, while the soluble coupling 
products can still serve as phenolic substrates and undergo further 
oxidative coupling until larger polymers that precipitate from 
solution are formed^. The apparent stoichiometric ratio between 
phenol and peroxide thus shifts from the theoretical value of 2 : 1 
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Figure 1 | Phenol conversion and precipitate formation at different 
reaction conditions. The initial H2O2 concentration is half of the initial 
phenol concentrations as shown in the abscissa. Reaction time is 60 min. 
Error bars indicate the standard deviation of triplicate samples. 
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Figure 2 | (A) Fractions of total protein and HRP activity remaining in the 
supernatant as a function of phenol/H202 concentrations; (B) the ratio 
between active HRP and protein content in the aqueous phase. Initial HRP 
concentration is 0.1 mM. Initial H2O2 concentration is half of the initial 
phenol concentrations as shown in the abscissa. Reaction time is 60 min. 
Error bars indicate the standard deviation of triplicate samples. 

reflecting a catalytic cycle, and approaches a value of 1 : 1 as the 
polymeric coupling products grow in size if they do so strictly by 
the radical coupling mechanism^^. A 2 : 1 ratio between phenol and 
H2O2 was used in this study to ensure a complete consumption of 
H2O2 during the reaction, which was confirmed by the H2O2 strip 
tests. This limited HRP inactivation by reactions with excess H2O2 in 
solutions (The first pathway mentioned in Introduction). In our 
earlier report^", we have demonstrated that if H2O2 was consumed 
during the reaction, the contribution of H2O2 -based HRP 
inactivation is very little. 

The fact that H2O2 was completely consumed indicates that the 
reactions measured in this study are all limited by H2O2, which 
explains the relatively minor difference in the outcome of the reac- 
tions for systems with and without PEG as shown in Figure 1. The 
protection effects of the PEG on HRP are reflected in Figure 2 that 
higher HRP activity was preserved after reactions. 

Total protein and HRP activity. Figure 2A displays the fractions of 
total protein and HRP activity remaining in the supernatant after 
reactions at varying initial phenol/H202 concentrations. As shown 
in Figure 2A, the protein in systems without PEG present was 
increasingly removed from the solution phase as more precipitates 
were formed; while in the presence of PEG protein remained almost 
completely in solution across different reaction conditions. This 
confirms that PEG can effectively retain HRP in aqueous phase. 
Also shown in Figure 2A, the remaining fractions of HRP activity 
in both the sample without PEG and that with PEG are smaller than 
those of the protein content. This indicates that a fraction of the 
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dissolved HRP was inactivated, suggesting that a pathway other than 
precipitate entrapment plays a role inactivating HRP. Since H2O2 
was completely consumed under all reaction conditions, the 
contribution of H2O2 -based HRP inactivation is not significant. It 
is therefore likely that HRP inactivation by heme destruction (the 
third inactivation pathway) leads to the discrepancy in the remaining 
fractions of HRP activity and protein content. Figure 2B displays 
ratios of the remaining active HRP and protein content for 
samples with and without PEG present. The much larger ratios for 
the samples with PEG clearly indicate that the inactivation pathway, 
whatever it may be, is largely suppressed in the presence of PEG. 

Iron release. Figure 3 presents iron concentrations detected in the 
filtrates of solutions that had undergone reactions at various phenol/ 
H2O2 concentrations. A membrane with 3 kDa molecular weight 
cutoff was used, and neither protein nor HRP activity was detected 
in any of the filtrates. It is thus certain that the iron in the filtrate is 
released from HRP molecules as a result of heme destruction. The 
much lower iron concentrations in the solutions with PEG provide 
direct evidence that HRP inactivation by heme destruction is largely 
suppressed by the presence of PEG. Standard addition tests indicate 
that recovery of iron cations by the membrane filtration is near 90% 
for the product solution without PEG and near 80% for that with 
PEG. This precludes the potential alternative interpretation that the 
differences in filtrate iron concentrations shown in Figure 3 can be 
caused by solution effects on filtration. 

Another interesting observation to be made with respect to 
Figure 3 is that the detected free iron concentrations account for only 
a fraction of the total HRP inactivated beyond precipitate entrap- 
ment. For example, as shown in Figure 2A, in the solution with 
200 mM phenol and 2% PEG about 26% HRP (26 jiM) was inacti- 
vated with no protein loss to the precipitate, but iron release at this 
condition is only 3.4 jiM as shown in Figure 3. Figure 2B shows that 
for the solution with 200 mM phenol and without PEG, 19% of the 
dissolved protein remained active. Assuming that the same active 
HRP/protein ratio holds for the protein entrapped in the precipitate, 
it can be estimated that 81 |iM of HRP was inactivated by pathways 
other than entrapment in this product solution. However, only 
24 jiM free iron was detected in the same solution as shown in 
Figure 3. It can thus be postulated that there are inactive HRP species 
in the solutions other than those with iron released, suggesting that 
heme destruction may occur in a successive manner. 
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Figure 3 | Iron concentrations detected in solutions after reactions at 
various phenol/H202 concentrations and membrane filtration. Initial 
HRP concentration is 0.1 mM. Initial H2O2 concentration is half of the 
initial phenol concentrations as shown in the abscissa. Reaction time is 
60 min. Error bars indicate the standard deviation of triplicate samples. 



Heme destruction. Heme is a prosthetic group that consists of an 
iron atom in the center of a large heterocyclic organic ring called a 
porphyrin and the heme in HRP is the catalytic reaction center^^"^^. 
To explore possible heme destruction during HRP inactivation, 
heme was extracted from aqueous HRP in selected samples and 
quantified. As shown in Figure 4A, the UV-vis spectra of the 
extractants from the reaction sample and the control without 
addition of H2O2 is different. Figure 4B shows relative concen- 
trations of heme detected in the solution that had undergone 
reactions at various phenol/H202 concentrations. As shown in this 
figure, the concentration of heme in reactions without PEG was 
lower than those with PEG. Comparing Figures 4B and 2A, it is 
evident that the remaining fractions of heme are close to those of 
remaining HRP activity and smaller than those of remaining protein. 
This suggests that HRP inactivation is accompanied with heme 
transformation and some of the remaining proteins either do not 
contain heme or contain a heme that has been transformed. Heme 
extraction was further analyzed with LC-MS to explore the possible 
heme transformation products. As shown in Figure 5A, native heme 
has a retention time of 12.5 min and generates a molecular ion of m/z 
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Figure 4 | (A) UV spectrum of the heme extraction extracted from the 
regular HRP (control) and the incubated HRP (reaction sample); 
(B) Fractions of heme remaining in aqueous phase after reactions at 
various phenol/H202 concentrations. Experimental condition: (A) Initial 
HRP, phenol and H2O2 concentration is 0.1 mM, 100 mM and 50 mM, 
respectively; (B) Initial HRP concentration is 0.1 mM. Initial H2O2 
concentration is half of the initial phenol concentrations as shown in the 
abscissa. Reaction time is 60 min. Error bars indicate the standard 
deviation of triplicate samples. 
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616.2 (see Figure 5B), which was consistent with the miz value 
reported in earUer studies^^"^\ The concentration of heme de- 
creased in reaction system with 100 mM phenol and 50 mM 
H2O2. A new peak appeared for the reaction sample but not for 
the control samples at the retention time of 8 min (peak 1 in 
Fig. 5A) which is presumed to be the product of heme upon 
destructive reaction. Its MS is shown in Figure 5C, with mIz 607.3 
as the possible molecular ion. 

Earlier studies have proved that heme in HRP could undergo 
reactions with different substrates at the vinyl groups^^'^^ or the meso 



carbons^^'^^'^^'^^'^^ (see Fig. 6A). Wojciechowski and Ortiz de 
Montellano^^ further confirmed that selection of the reaction site 
depended on the molecular bond dissociation energies for RH (sub- 
strate) R- (substrate radical) + H- at 298 K. High-energy (>90 ± 
1 kcal/mol) radicals add to the meso carbon and less energetic radi- 
cals (<90 ± 1 kcal/mol) add to heme vinyl groups. The data 
obtained using resonance Raman and FTIR measurements in our 
earlier study suggests that a significant amount of phenoxyl radical 
exist in solution and probably also in the heme pocket^^. The molecu- 
lar bond dissociation energies for phenol phenolic radical + H- at 
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Figure 5 | (A) LC chromatography of the heme and the possible product (peak 1) extracted from reaction sample; (B) LC-MS analysis of the heme; and 
(C) LC-MS analysis of the possible reaction product (peak 1 in Figure 5A). Initial HRP, H2O2 and phenol concentration is 0.1 mM, 50 mM and 100 mM. 
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Figure 6 | (A) Proposed mechanism for heme destruction in HRP-mediated phenol reaction; (B) Secondary MS spectrometry of possible product 
resulting from LC-MS analysis and its possible structures. 



298 K is 88 kcal/moP^. As such, we propose that the phenohc radical 
attacks regioselectively to either 2- or 4-vinyl group (see Fig. 6A). The 
masses of the product follow a pattern of (MW-56 (iron) +16 (oxy- 
gen) X 3, where MW is 616). This leads us to speculate that the 
product was formed via the heme transformation which occurred 
at the vinyl group accompanied by the addition of oxygen and iron 
release (see Fig. 6A). As shown in Fig. 6 A, the oxidation may occur at 
the 4-vinyl group not at the 2-vinyl group position because it is the 
only exposed edge of the heme in HRP^^'^^. Secondary MS spectro- 
metry of the product was attempted for further molecular character- 
ization and the results were presented in Figure 6B. The miz 607.3 
(M) was chosen as the MS/MS precursor ion. As shown in Fig. 6B, an 
intense fragment ion at mIz 534. 1 was yielded from the precursor ion. 
It indicated the loss of the group of (-C2O3H, MW = 73) which was 
corresponding to the oxidized 4-vinyl group (see Fig. 6B). Our pro- 
posal of product identification was further supported by the results of 
secondary MS spectrometry. 

Discussion 

As already noted, previous studies on substrate-mediated HRP 
inactivation which includes three pathways indicate that heme 
destruction may predominate at reaction conditions commonly 
encountered in environmental applications. The direct evidence to 
support the heme destruction in HRP caused by radical attack, how- 
ever, is not found. The present findings clearly show that the heme 
destruction is accompanied by iron releases and prosthetic group 
change. The prosthetic group change are supported by (a) UV-vis 
spectrum changes (Fig. 4A), (b) decrease of heme contained in HRP 
(Fig. 4B), and (c) analysis of the data obtained using LC-MS. Analysis 
of the possible product found when the prosthetic group is extracted 



from HRP after turnover of phenol establishes that the product 
was generated by oxidative attack of phenoxyl radical on the heme 
vinyl group and release of iron. These findings advance the better 
understanding of the mechanisms of HRP inactivation and the 
information is useful for HRP re-design to protect HRP from inac- 
tivation and enhance HRP reactivity towards compounds of specific 
interest^^. 

HRP-mediated coupling process provides a novel strategy to con- 
trol certain emerging trace-level contaminants in water treatment 
practice. Opposite to degradation, it mimics the humification pro- 
cess and incorporates small molecules of contaminants into poly- 
mers with larger molecular sizes and therefore leads to detoxification 
or removaP^"^°. It has been found that the presence of PEG in the 
reaction solution significantly mitigated the HRP inactivation when 
large quantities (grams per liter) of precipitated polymeric products 
are formed. Researchers concluded that this mitigation was attrib- 
uted to the protection of HRP from sorption by polymeric pro- 
ducts^^ However, PEG still mitigated the HRP inactivation in 
environmental applications where the substrate concentration was 
low and no significant quantities of precipitated polymeric products 
were formed. The molecular understanding of this phenomenon was 
not clear. In this study, we clearly demonstrated that the predom- 
inant inactivation pathway at the reaction conditions encountered in 
environmental applications was HRP destruction. Heme consump- 
tion and iron releases resulting from HRP destruction are largely 
reduced in the presence of PEG, providing the first evidence to 
indicate that heme destruction is effectively suppressed by co- dis- 
solved PEG. This information is useful for optimizing engineering 
applications that involve HRP reactions to control trace-level con- 
tamination. 
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Methods 

Materials. Horseradish peroxidase (Type I, RZ = 1.3), hydrogen peroxide (30.8%), 
phenol (99 + %), 2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) 
(98%, in diammonium salt form), glacial acetic acid and phenol-UL-14C (51.4 mCi 
mmol"^) were obtained from Sigma Chemical Co. (St. Louis, MO). FeCl3-6H20 
(98%) was purchased from Aldrich (Milwaukee, Wl). PEG (3350, 50%) from 
Hampton Research (Aliso Viejo, Ca.), ScintiSafe Plus 50% liquid scintillation cocktail 
from Fisher Scientific (Fairlawn, NJ), Coomassie® protein assay reagent kit from 
Pierce Biotechnology (Rockford, IL) and Quantofix® peroxide test strips from 
Macherey-Nagel, (Germany). 

Reaction setup. Air-tight 5 mL borosilicate centrifuge vials fitted with Teflon coated 
caps were used as reactors. Reactions were carried out in a 10 mM phosphate buffer, 
with the initial HRP concentration fixed at 100 |J,M. Initial phenol concentrations 
ranging from zero to 200 mM, and initial H2O2 concentrations were half of that of 
phenol. The constant 2 : 1 ratio between initial phenol and H2O2 concentrations was 
selected to ensure complete consumption of peroxide during the reaction. The same 
reaction conditions were also tested for solutions with 2% (m/m) PEG included. The 
reactors were agitated at 150 rpm for one hour after the reaction had been initiated by 
addition of peroxide to reactors as the last reagent. After the one-hour reaction period 
the reactor vial was centrifuged at 1620 g for 10 min, and the supernatant transferred 
to another centrifuge tube and centrifuged again at 10,000 g for 10-min to ensure 
complete separation of the solid products. Samples were then taken from the 
supernatant for analyses of protein content, HRP activity, heme concentration and 
residual H2O2. The remaining supernatant was then transferred to a centrifugal 
ultrafiltration device (Pall Life Science, Ann Arbor, Ml) and centrifuged at 8,000 g for 
60 min with temperature maintained at 20°C to pass the solution through the 
membrane. The membrane employed was low protein binding bio-inert type, having 
a nominal molecular weight cutoff at 3 kDa. Samples from the filtrates were taken for 
analyses of protein content and HRP activity again and iron concentration. 

Separate experiments employing ^"^C-labeled phenol at the exactly same series of 
conditions described above were also carried out for the determination of phenol 
conversion and precipitate product formation. After reaction and double centrifu- 
gation to separate resulting solid products from solution phase, supernatant samples 
were taken to measure residual phenol concentration and ^^C radioactivity. 

All experiments described above were carried out in triplicate and results were 
reported as the average with standard deviation. 

Standard addition tests. Standard addition tests were performed to examine the 
recovery of dissolved iron by membrane filtration. These tests were carried out using 
the same procedure described earlier in solutions with 100 |iM HRP, 200 mM 
phenol, and 100 mM H2O2, and with and without PEG, respectively. After reaction 
and double centrifugation, two 2 mL samples were withdrawn from the supernatant. 
19.5 |iM FeCl3-6H20 was added to one of the sample, and nothing to the other. All 
samples was transferred to centrifugal ultrafiltration devices, and centrifuged to pass 
solutions through the membrane. Iron concentrations were detected in each filtrate, 
and recovery of the added iron was calculated. Triplicate tests were conducted and the 
average (±SD) of the recovery ratios were 88.3 (±3.0)% and 79.7 (±1.4)% for 
samples with and without PEG, respectively. 

A control test was also conducted using the same reagent combination as above, 
but only for a solution without PEG. After reaction and double centrifugation, two 
2 mL aliquots were withdrawn from the supernatant. 2% PEG was added to one of the 
sample, and nothing to the other. Both samples were then filtered and detected for 
iron as described above. Recovery ratio for the sample with 2% PEG addition was 
calculated as iron concentration in this sample divided by that in the sample without 
PEG addition. The average (±SD) of triplicate tests was 99.7 (±1.0)%. 

Chemical analyses. The Coomassie® (Pierce Biotechnology, Rockford, IL) protein 
assay was used to determine total protein concentration remaining in aqueous phase"^^ 
and ABTS as substrate to measure HRP activity'*^. One unit of HRP activity is defined 
as that amount catalyzing the oxidation of 1 fimol of ABTS per minute. The total 
dissolved iron was measured using ICP-OES (Optima 2000 DV, Perkin-Elmer). 
Residual hydrogen peroxide was tested using Quantofix® peroxide test strips 
(Macherey-Nagel, Germany). The detection limit of the test strips is 15 |J,M as 
specified by the supplier. Residual phenol concentration was analyzed using an 
Agilent 1100 HPLC system equipped with a Phenomenex C18 column (250 X 
2.0 mm, 5 |j,m particle size). The mobile phase was maintained at 0.4 mL min"\ 
comprising acetonitrile and DI water (35 : 65), both containing 1% acetic acid. Phenol 
concentration was determined by florescence detector at 275 nm excitation and 
312 nm emission wavelengths, and phenol conversion was calculated by mass 
balances. Residual ^"^C radioactivity was measured using a Beckman LS6500 liquid 
scintillation counter (LSC) (Beckman Instruments, Inc.), reflecting the concentration 
of dissolved ^*C species including phenol and dissolved phenol-coupling products. 
Quantities of precipitated products were thus calculated by mass balance and 
expressed as phenol equivalent concentration. 

Isolation and identification of heme. HRP-catalyzed phenol oxidation in solutions 
without PEG was examined to study possible changes occurring to heme during the 
reaction. The reaction was carried out using the same procedure described above in 
solutions with 100 |iM HRP, 100 mM phenol and 50 mM H2O2. Reactors that had 
phenol or H2O2 absent served as blank controls. After reaction and double 
centrifugation, three 0.5 mL samples were withdrawn from the supernatant. A 



literature method was then used to extract and analyze heme^^'^^. Each sample was 
added in sequence, 1 mL Dl water, 0.4 mL glacial acetic acid, and 200 mg NaCl. The 
sample was then mixed with 2 mL ethyl acetate, and centrifuged (2500 rpm, 10 min) 
to separate the aqueous and organic layers. The organic layers were withdrawn, 
pooled, washed with H2O, and then analyzed using HPLC and LC-MS and UV/Vis 
spectrometry. 

HPLC analysis was performed on a C18 column (250 X 2.0 mm, 5 |im particle 
size) eluted with 7:3:1 methanol/H20/acetic acid at a flow rate of 1 mL min~\ and 
heme was monitored by its characteristic absorbance at 400 nm with a diode array 
detector. LC-MS analysis was conducted on a Thermo LCQ Advantages instrument 
(Quest LCQ Duo, USA) with electrospray ionization. The LC separation was achieved 
using a Beta Basic-C18 HPLC column (150-mm X 2.1 mm, 5 |im Thermo, USA) 
with a mobile phase of water (with 0.02% acetic acid) /acetonitrile (1 : 1) at a flow rate 
of 0.2 mL min~\ The mass spectrometer was set at 3.5 kV capillary voltage, 25 V 
cone voltage, 350°C desolvation temperature and 120°C source temperature. The 
further identification of possible product was also analyzed by LC-MS/MS. The 
system operated in selected reaction monitoring mode. The molecular ions obtained 
from full scan mode were chosen as the precursor ions. 

The UV/Vis spectra of the extraction solution were scanned using 752-UV/Vis 
spectrophotometer (ShangHai Spectrum instruments, Co., LTD.) and the scanned 
wavelength was ranged from 270 to 500 nm with the interval 1 nm. Ethyl acetate was 
prepared as control. 
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